Accurate and robust positioning technology is expected to promote management level and service efficiency in various industrial applications. The strap-down inertial navigation system (SINS) approach has short-term accurate positioning performance, but the SINS is known for its accumulative error over time. Meanwhile, wireless sensor networks (WSN) approach can keep the mobile target on effective tracking after a long time monitoring, but the WSN may have large positioning error in certain areas. In order to make the positioning method allow profit from their advantages, this paper proposes a positioning technology using SINS approach in conjunction with WSN approach. The measurement parameters by SINS and WSN approaches are used. Then the SINS, anchor nodes, mobile tags, XBee, and computer are applied to design the positioning system. The estimation results indicate that the proposed method can make up for the shortcomings by pure SINS or WSN method and can be available for some accurate and robust applications.
Introduction

Background.
Positioning estimation for mobile target is considered a key technology that can greatly help in improving the management level and service efficiency [1] . In many engineering and science applications, the sensors need to acquire their positions to report where a certain event takes place. The positioning system is designed with very stringent requirements for the accurate and robust positioning [2] . For instance, aircrafts dynamically adjust their trajectory paths using the estimated positions; positioning service of public transports can be provided to inform the passengers when the buses arrive at the station; miners in the underground can rescue their lives by specifying the locations when mine accidents take place; indoor positioning systems are designed to track inmates, patient, and fire fighters. Various practical approaches [3] , such as global positioning systems (GPS), strap-down inertial navigation system (SINS), wireless sensor networks (WSN), vision odometer, and laser have been used to research.
Related Works.
The SINS approach has been an autonomous method in positioning services. Most SINS methods employ inertial sensing elements of three-axis accelerometer (TAA) and three-axis gyroscope (TAG) to measure the acceleration and angular velocity values [4] . Combining the initial inertia values, mobile target has a short term accurate positioning estimation through calculating quadratic integration based on Newtonian mechanics theorem. Lü et al. [5] developed a positioning method for mine personnel using SINS. After the hardware and software design are accomplished, the positioning system can resolve the pose, velocity, and location. Hoflinger et al. [6] designed the SINS method in combination with CC430 microcontroller. Then the INS placed on a shoe was used to evaluate pedestrian tracking indoors. Kalman filter (KF) method was adopted to optimally estimate and compensate for inertial errors, which can improve the SINS positioning performance [7] . In order to improve the performance of present inertial sensors, innovative lasers and fiber optic gyro technologies are all of interest for inclusion in SINS.
Scholars focus on position and pose estimation by SINS approach. However, the accelerometers of SINS are known for their drifts over time when suffering from multinoises [8] . Owing to the fact that the estimation position purely by SINS method has accumulative error after a long time, the SINS system needs to benefit from the aid of other positioning systems. In order to eliminate the accumulative error caused by SINS, GPS method can help correct the increasing position errors of pure SINS approach. The SINS/GPS integration applications are widely used to track the aircrafts or vehicles in open environments [9] . However in enclosed environments, such as indoors, urban, and underground mines where GPS is unavailable, the GPS even cannot provide the position and velocity of mobile targets due to heavy satellite signal blockage. Hence, how to weaken the SINS accumulative error over time is a meaningful research with the aid of other sensors after keeping a long-term tracking.
Compared with SINS method, WSN method can be realized using the distance measurements among anchor nodes and mobile tags extracted from the wireless signals. WSN has the ability to sense, process, and communicate and can form a network map and estimates position by using the wireless signals of received signal strength indicator (RSSI), time of arrival (TOA), time differences of arrival (TDOA), and angle of arrival (AOA) measurements [10] . Various methods have been extensively utilized to estimate the position of mobile target. Mazuelas et al. [11] only proposed a novel positioning algorithm using RSSI approach, which can make propagation models fit the propagation environments best. Chan and Ho [12] proposed a simple and efficient method to estimate the position of mobile tags using TDOA approach. Compared with the existing methods, the accuracy of proposed positioning algorithm by Chan method can attain the Cramer-Rao lower bound (CRLB) accuracy. The CRLB method is regarded as a useful tool and can help us judge the designed positioning algorithm. Jiang et al. [13] addressed distributed positioning method using the RSSI approach as the most suitable measurement technique. The estimation results had high accuracy through establishing the geometric relationship between anchor nodes and mobile tags. Considering the industrial environments, an AOA approach of ultrawide band (UWB) had been investigated under multipath propagation environments [14] .
WSN positioning is a kind of distributed positioning method which has no accumulative error after a long-term racking. However, the position accuracy of WSN method can be affected by the environment conditions. Line of sight (LOS) may make the WSN have accurate positioning results, while the nonline of sight (NLOS) may lead to large positioning errors due to signal outage and multipath propagation. The existing literatures prove that more effective information can provide accurate and robust estimations that can eliminate the shortcomings of noise measurements. The SINS method has short term accurate positioning, but the SINS is known for its accumulative error. Meanwhile, the WSN method can keep the mobile target on effective tracking, but the WSN may suffer from large positioning errors in certain areas. Note that the SINS and WSN positioning methods are available, but they have their own disadvantages. Hence, how to make full use of the advantages of SINS and WSN approaches is vital to improve the positioning performance. In order to combine two approaches advantages, the SINS/WSN integration needs to be studied.
As an effort to overcome the limitations of single sensor, intelligent filtering methods, such as Kalman filter (KF), extended Kalman filter (EKF), and unscented Kalman filter (UKF), are required to improve the positioning performance. WSN integrated with SINS method makes tracking performance present optimal estimation results [15] . Zhu et al. [16] expanded the SINS/WSN positioning method in coal mine environment, which can provide the accurate velocity and position of mobile vehicles. Ascher et al. [17] presented an innovative monitoring method that applied the SINS/UWB technology to locate pedestrian indoors. Hol et al. [18] designed 6 degrees of freedom (DOF) tracking system through combining the SINS with UWB approach. The experimental results show that the proposed method always has great tracking performance. The EKF method was utilized based on SINS and UWB approaches. Then SINS/UWB integration method can provide dynamic test scenario experimental results [19] . Zhang et al. [20] utilized the EKF method to make radio frequency identification (RFID) and SINS approaches efficient. Then SINS/RFID integration method can produce a three-dimensional positioning estimation.
Motivation of Our Work.
Accurate and robust positioning technology is required in various engineering and science fields. The SINS or WSN approach can solve the mobile target position alone. However, the SINS method is known for its accumulative error and the WSN method may have large positioning errors. Hence in order to enhance two approaches advantages, the tightly coupled SINS/WSN tightly coupled needs to be intensively studied. Based on the above mentioned analysis, the KF or EKF has been applied to the integrated positioning system. This paper proposed a collaborative positioning algorithm combining information from the SINS and WSN approaches. The SINS approach measures three-axis accelerations and three-axis angular rates of mobile target, while the WSN detects the distance values among anchor nodes and mobile tag. The measured parameters of SINS and WSN approaches are used to establish solution equations based on UKF method. The SINS/WSN integration can avoid the limitations brought by single measurement. The actual positioning system prototype is designed for evaluating the proposed positioning method.
Organization of This Paper.
The second section gives the block diagram of the SINS integrated with WSN method. The third section introduces the adopted sensors and instruments and implements pure SINS and WSN positioning approach. The next section implements the actual experiments and evaluates the proposed SINS/WSN positioning. Section 5 concludes this paper. Figure 1 shows the block diagram of SINS and WSN methods. The mobile target moves around with the SINS and mobile tag, while the anchor nodes are deployed in the monitoring area. SINS method provides angle, velocity, and location information; WSN method provides single position information. These measured parameters are used for subsequent computation and analysis based on proposed positioning method. Figure 2 gives SINS method integrated with WSN method for the position of mobile target in detail. Firstly the TAA and TAG sensors of SINS instrument are used to measure the acceleration and angular velocity values; the attitude matrix can be deduced based on the initial velocity and location of mobile target. Considering that the mobile target is a three-dimensional carrier, the pose of mobile target has a great effect on the location accuracy. Hence doing some standardized treatments and coordinate transformations for attitude matrix, the processed attitude matrix and acceleration make vector coupling. Then the location of mobile target by SINS method can be obtained after double integral solution. Secondly the anchor nodes and mobile tag are utilized to measure the TOA values. Then the TDOA values are calculated based on the measured TOA values. The anchor nodes clocks need to be synchronized using the TDOA approach. Then the distances measurements among anchor nodes and mobile tag can be calculated based on the TDOA values. Thirdly, the positioning result is estimated by using the measured parameters by SINS and WSN methods. Figure 3 shows the actual object of SINS and XBee, while Tables 1 and 2 show the parameters for core component of SINS and XBee, respectively [21] . The SINS mainly consists of core module ADIS16350, signal processing module TMS320C6713 DSP, communication module MAX3111E, reset module ADM708T, power module MIC4722YML, and memory expansion module TMS320C6713BPYP200. The ADIS16350 module with inertial measurement unit of 6 degrees freedom measures three-axis accelerations and three-axis angular rates. The ADIS16350 module is sufficiently stable in terms of gyro bias stability to detect the angular rates. The full scale of gyroscope can be adjusted from ±75 ∘ /s, ±150 ∘ /s to ±300 ∘ /s, while its resolution ratio is 14 bit. Different from the gyroscopes, the accelerometers cannot always keep accurate measurement after a long time monitoring. The full scale of accelerometers is designed as ±10 g, while its resolution ratio is 14 bit. The ADIS16350 module uses RS-232 signaling protocol to transmit measured data at 115200 bit/s baud rate. The ADIS16350 module can effortlessly complete the positioning task of mobile target.
System Architecture
Positioning Technology
SINS Positioning Approach.
Due to the maneuvering state, the parameters of SINS transmitted to the computer through wired connection will limit the flexibility of mobile target. Hence, the XBee Pro S2b module is used to connect the SINS with computer via wireless communication model. The XBee Pro S2b module adopts a universal operating frequency band with ISM 2.4 GHz. The RF data rate is 250 kbps, while the maximum distance can be up to 3.2 km. The XBee Pro S2b module is operated with about −102 dBm receiver sensitivity. The supply voltage is 2.7 V to 3.6 V, and the idle current is about 15 mA.
SINS approach is a dead reckoning system, whose accuracy degree depends on the previous time navigation parameter estimation. Hence, the initialization of inertial navigation system, such as the initial pose, velocity, and location is the basis of accurate estimation. Supposing that SINS instrument is installed on mobile target, the quality of mobile target is . Based on Newtonian mechanics theorem, the mechanical equation yields
where F is the gravity force, F non-is the nongravity force, and R is the earth radius.
The speed of mobile target relative to the earth is defined as V . Based on the pose matrix C , we can obtain [22, 23] 
In Formula (2), the vector is decomposed as
where is the rotating angular velocity of inertial coordinate relative to the earth coordinate; is the rotating angular velocity of navigation coordinate relative to the earth coordinate; is the local latitude;
is the curvature radius of local meridian;
is the curvature radius of prime vertical; and ℎ is the height of mobile target from the ground. Applying Formulas (2) and (3), we can get
Substituting the initial velocity and location of mobile target into Formula (4), we can calculate and acquire the parameters of mobile target. Meanwhile considering that the mobile target moves around on the XOY plane, the effect of velocitẏcan be ignored. Hence, Formula (4) can be written as [23] ̇=
From Formula (5), the position of mobile target can be calculated by performing quadratic integration. The navigation equations by SINS are used to establish equations. But the approximated results by pure SINS approach can be affected by multinoises, which will cause accumulative errors after a long time tracking. In the next section, WSN measurement approach is utilized to eliminate the accumulative errors by SINS approach. Figure 5 shows the actual object of anchor nodes and mobile tag, while Table 3 shows the parameters for core component of wireless nodes. The core component is the nanoLOC TRX model provided by Nanotron technology. The wireless nodes mainly work in a unique communication technology defined as chirp spread spectrum (CSS) technique, which is specified at IEEE 802.15.4a in the ISM 2.4 GHz frequency. The carrier sense multiple access/collision avoidance (CSMA/CA) and time division multiple access (TDMA) are supported. Furthermore, the radio transmission data rate can be adjusted from 125 k bps to 2 M bps, while the maximum distance depends on the data rate. The wireless nodes support the allowed RF output power from −33 dBm to 0 dBm with the receiver sensitivity of −95 dBm. The current value is about 1.2 A with minimal power consumption. The voltage 2.5 V is provided with ±0.2 V drift. The wireless nodes adopt highly integration signal chips which can provide high wireless communication performance and accurate range measurement.
WSN Positioning Approach.
A few anchor nodes are placed with initial coordinates, written as the vector a = (a 1 , a 2 , . . . , a ) , where a = ( , ) . The mobile tag is defined as x = ( , ) . The WSN measurement approach is shown in Figure 6 .
The estimation result by WSN is usually accomplished under two steps. Firstly, some wireless signals among mobile tag and anchor nodes are obtained to represent distance relationships. Secondly, the position of mobile target is estimated by solving a set of equations defined by the wireless signal parameters [24] . The principle of wireless distance measurement includes two independent processes, which can be described as shown in Figure 7 .
The first distance measurement: the anchor node sends data stream to mobile tag and then receives the response from mobile tag. The anchor node calculates the transmission time 1 from sending data stream to receiving data stream. Meanwhile, the mobile tag starts the clock when it receives data stream from anchor node and then stops the clock after sending the response to the anchor node. The mobile tag calculates the processing time 2 and then sends it to anchor node. The second distance measurement: the mobile 6 Journal of Sensors tag sends data stream to anchor node and then receives the response from anchor node. The mobile tag calculates the transmission time 3 from sending data stream to receiving data stream and then sends the transmission time 3 to anchor node. Meanwhile, the anchor node starts the clock when it receives data stream from mobile tag and then stops the clock after sending the response to the mobile tag. The anchor node calculates the processing time 4 . Then the distance between anchor node and mobile tag can be obtained:
where is the distance between anchor node and mobile tag; V is the propagation speed of wireless signal, commonly defined as 3 × 10 8 m/s; is the mean transmission time of actual measurement; 1 , 2 , 3 , and 4 are the measurement times among anchor nodes and mobile tag.
Considering that the measurement deviations are caused by crystal oscillators, the measurement deviations of transmission times 1 , 2 , 3 , and 4 are set as 1 , 2 , 3 , and 4 respectively. Then distance measurement error can be described as The deviations 1 and 4 are caused by the crystal oscillator of anchor node, and the deviations 2 and 3 are caused by the crystal oscillator of mobile tag. Hence, the deviation 4 is equal to the deviation 1 and the deviation 3 is equal to the deviation 2 . Then
Formula (7) can be expressed by
The principle of distance measurement by the wireless chips can eliminate the measurement deviations caused by crystal oscillators. Then the distance between mobile tag and anchor node is
Formula (10) can be represented as the 2-norm:
The TDOA value with respect to the first anchor node is denoted as ,1 . Then the TDOA distance yields
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The TDOA value from the mobile tag can be represented as the vector r = ( 2,1 , 3,1 , . . . , ,1 ) , which can be expressed as r = (
From Formulas (6) and (13), the position of mobile target by WSN method is approximated. The unpredicted environments may make wireless signal suffer from multicomplex noises. The accuracy of wireless signals is sensitive to the environment conditions. Hence combining the above SINS method with WSN method, a novel and effective fusion method needs to be utilized to create an optimal positioning estimation.
Pure SINS and WSN Experiments. The monitoring area is about 12 × 7 m
2 . The SINS and mobile tag are installed on an electric car that is defined as mobile target. The detail conditions of positioning system are given as [21] : the earth spin velocity is 7.2916 × 10 The electric car is equipped with the infrared sensor, which makes the electronic car move along the black insulating tape. Then we can measure the trajectory of the black line. The electric car moves around and forms a projected trajectory in curve, which can be used to evaluate and analyze the performance of nonlinear system using the proposed positioning method.
For the first set of experiments, we evaluate the estimations results using pure SINS and WSN methods. As shown in Figure 8 , the estimation results reveal that the pure SINS and WSN approaches have approximately stable positioning performance regardless of the mobile target mobility. When the mobile target is in the beginning motion, the SINS approach has the excellent estimation. As long as making some appropriate initial settings, such as the initial pose, velocity, and location, the SINS approach can obtain an accurate result. However with a long time monitoring, the mobile target by SINS approach can break away from the projected trajectory due to multinoises. No matter where the mobile target moves, the WSN approach always has a certain estimation error. Figure 9 compares the estimation errors of -and -axis under pure SINS and WSN approaches. Experimental results indicate that the estimation error of -axis by SINS and WSN approaches is larger than the error of -axis. This is mainly because the motion range of mobile target along -axis is more expansive than that of the -axis, which makes that the WSN estimation errors are mainly distributed in the -axis.
The mean estimation errors of SINS and WSN approaches are 0.69 and 0.64 m, respectively. The variance errors of SINS and WSN approaches are 0.53 and 0.18, respectively. As expected, the overall trend of positioning errors by SINS approach rises with time. The positioning error of SINS method begins to increase after turning a corner and keeps a sharp increasing trend. Overall, the SINS has the maximum error 1.27 m around the end of sampling point 125 for its accumulative error over time.
Meanwhile, the positioning error of WSN approach increases firstly and then decreases when the mobile target begins to turn a corner. In addition to the distance measurement accuracy of wireless signals, the geometric relationship among mobile tag and anchor nodes also affects the positioning accuracy. When the mobile target begins to turn a corner, the mobile tag will start to move near the anchor nodes, which can cause the larger estimation errors, in comparison with the situation when the mobile tag moves in the center of monitoring areas. Hence, the maximum and minimum estimation errors of pure WSN are 0.94 m and 0.23 m, respectively.
In addition to the position estimation, the SINS has three-axis gyroscope (TAG), which can be used for estimating the pose of mobile target. Based on implementing the SINS initial alignment, we begin to test the pitch, roll, and yaw angles. Figure 10 provides the estimation errors of pitch, roll, and yaw angles during the sampling time. The three-axis gyroscope by MEMS technology can provide From Figure 10 , we can conclude that the pure SINS can provide accurate pose estimation, whose accuracy needs not be improved. However from Figures 8 and 9 , we can conclude that the pure SINS and WSN approaches cannot provide the accurate and robust positioning accuracy. Hence, the SINS/WSN integration is performed to improve the positioning performance in the next section. characteristic that makes the KF method breaks away from the guideline track and eventually diverges. EKF method can be used to estimate the nonlinear system, although EKF method still has certain estimation error with time.
Integrated SINS/WSN Approaches
The UKF method is designed to estimate position of mobile target by nonlinear state space models [25] . The accuracy of UKF method is up to the second order from Taylor series expansions of the associated nonlinear functions in contrast to the first order terms of EKF method, which has the same computational complexity as that of EKF method. The UKF method is applied with nonlinear state space models. The essence of UKF method can be briefly summarized as follows. A set of deterministically selected points, which are termed sigma points, is used to approximate the distribution of the previous state estimate. These sigma points are projected using the nonlinear measurement function. Moreover, it correctly captures the posterior mean and variance through the weighted mean and variance of the post. Then, accurate position can be estimated by UKF method [26] .
Considering that mobile target moves around on XOY plane, the acceleration, velocity, and location are expressed as x = [ , ,̇,̇,̈,̈] at time step . Defining the noise as w , the state equations of mobile target can be given by [27] x +1 = f (x ) + w = f x + w .
At time step , the mobile tag is installed on mobile target. The distance relationships among mobile tag and anchor nodes can be obtained to measure the range using the measurement values. Then defining the noise as k , the measurement equations of mobile target can be given by
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Loop; (4) Wait SINS Sampling; (5) Data signals ← Get SINS Data; (6) [ , , , ℎ] ← Identify Initial SINS Parameters; (7) [ , ] ← Measure SINS Parameters; (8) f ← Establish Kinetic Equation; (9) [g , f , V , , ] ← Decompose vectors; (10) [̇,̇,̇] ← East, North, and Upper Velocity; (11) Deploy Anchor Nodes and Mobile Tag; (12) Wait WSN Sampling; (13) Data signals ← Get WSN Data; (14) [ , , , V , ] ← Identify Initial WSN Parameters; (15) [
,1 ← − 1 ← Signals to Distance Model; (18) Perform SINS/WSN integration; (19) [ 22) [p x z , k ] ← Covariance and Gain Matrix; (23) x ← ( , ) ← Mobile Target Position; (24) End Loop; (25) Stop SINS/WSN Measurements; (26) END PROCEDURE. As for the random motion of mobile target, the positioning process is a nonlinear dynamic system. In the next section, the measurement parameters are acquired using SINS and WSN methods in order to establish the equations.
The UKF method is a straightforward extension to the recursive estimation, which has been applied in nonlinear system. Through creating state equations and measurement equations, the optimal estimation of mobile target can be obtained using UKF method. To give enough details of the implemented processes, we present algorithm pseudocode of the main program as shown in Algorithm 1.
Through the acquired measurement values of SINS and WSN approaches and initial parameters, the state equations and measurement equations can be created. Additionally, as noted above, the proposed method is a straightforward extension to the recursive estimation, which has been applied in nonlinear system. The optimal positioning results of mobile target are estimated using proposed method.
The Prototype of Experimental
System. In this section, an experimental platform is implemented for evaluating and verifying the positioning system based on SINS and WSN approaches. Figure 11 shows the hardware connection diagram of positioning system. The designed system mainly consists of SINS (core component ADIS16350), anchor nodes (core component nanoLOC TRX), mobile tag, XBee, router, and computer. The measured angle, velocity, and location by SINS are forwarded to computer through XBee connection.
The mobile tag communicates with anchor nodes, whose clocks have been synchronized using the wired connection. Then the measured wireless signals by WSN are transmitted to computer via the router as well. Moreover, all acquired parameters by SINS and WSN, such as angle, velocity, location, and wireless signals are sampled and analyzed in the computer.
The diagram of sensors and instruments deployment is illustrated in Figure 12 . Its process of implementation is briefly described, together with the main sensors and instruments. The SINS, mobile tag, and XBee are installed on the mobile target. Four anchor nodes, another XBee, router, and computer are deployed in the monitoring area. Based on designing and solving the proposed algorithm, the position of mobile target can be produced in the computer. Then we can evaluate and verify the accuracy and robustness of proposed method.
SINS/WSN Integration Experiments.
The tracking discrepancy of the KF, EKF, and UKF methods between the manually measured and estimated the trajectory can clearly be seen in Figure 13 . We can conclude that the KF, EKF, and UKF methods can track the projected trajectory well when the mobile target moves before the fiftieth sampling time. This means that the SINS/WSN integration method can ameliorate the positioning performance. This behavior disappears after the fiftieth sampling time. As the mobile target turns a corner, the three methods fail to track well and have larger estimation errors until the end. Although it is difficult to measure the exact angle, velocity, location, and distance, the SINS/WSN integration based on UKF method, as in contrast to the pure SINS or WSN approach, can give more accurate positioning estimation. Figure 14 describes the estimation errors of the KF, EKF, and UKF methods on the -and -axis. The position error on the -axis is larger than the error on -axis due to the fact that the smaller acceleration values of -axis can make the mobile target in the limited motion range. The mean estimation errors of KF, EKF, and UKF methods are 0.71 m, 0.63 m, and 0.59 m, respectively. The mobile target moves in the maneuvering motions and the SINS and WSN approaches have measurement noises, for which three methods have the increasing estimation errors with sampling time. about 15%, 8%, 17%, and 6%, respectively, which indicates that UKF method can enhance the efficiency of SINS/WSN integration.
The proposed SINS/WSN integration based on the UKF method utilizes large hardware resources and increases the implementation complexity of communication and computation. However, there is no doubt that the SINS/WSN integration can bring more effective information and improve the accuracy and robustness of position estimation. Besides, the proposed method can realize synchronized position and pose tracking for mobile target, which can be applied in many applications.
Conclusions
This paper surveys the positioning technology for mobile target. Different positioning approaches present different estimation accuracy. Pure SINS or WSN positioning technology can be used to track the mobile target, while SINS approach has accumulative error after a long time tracking and WSN approach has anomalous error at certain monitoring points. The positioning technology using SINS and WSN integrated measurements is researched as the accurate and robust positioning is required in many engineering and science applications. The SINS/WSN integration is evaluated on the actual environment platform. The results indicate that the proposed method has complementary advantages of the SINS and WSN approaches and tracks the projected trajectory of mobile target well. In our future works, we will extend our researches on improving the measurement accuracy of SINS and WSN methods.
